The phosphatidylinositol 3 kinase (PI3K)/Akt pathway elicits a survival signal against multiple apoptotic insults. In addition, phase II enzymes, such as heme oxygenase-1 (HO-1), protect cells against diverse toxins and oxidative stress. In this report, we describe a link between these defense systems at the level of transcriptional regulation of the antioxidant enzyme HO-1. The herbderived phenol, carnosol, induced HO-1 expression at both messenger RNA and protein levels. Luciferase reporter assays indicated that carnosol targets the mouse ho1 promoter at two enhancer regions comprising the antioxidant response elements (AREs). Moreover, carnosol increased the nuclear levels of Nrf2, a transcription factor governing AREs. Electrophoretic mobility shift assays and luciferase reporter assays with a dominant negative Nrf2 mutant, indicated that carnosol increases the binding of Nrf2 to ARE and induces Nrf2-dependent activation of the ho1 promoter. While investigating the signaling pathways responsible for HO-1 induction, we observed that carnosol activates the ERK, p38 and JNK pathways as well as the survival pathway driven by PI3K. Inhibition of PI3K reduced the increase in Nrf2 protein levels and activation of the ho1 promoter. Expression of active PI3K-CAAX was sufficient to activate AREs. The use of dominant negative mutants of PKCζ and Akt1, two downstream kinases from PI3K, demonstrated a requirement of active Akt1 but not PKCζ. Moreover, the long-term antioxidant effect of carnosol was partially blocked by PI3K or HO-1 inhibitors, further demonstrating that carnosol attenuates oxidative stress through a pathway that involves PI3K and HO-1.
INTRODUCTION
High levels of reactive oxygen species (ROS) cause damage to cells and are involved in several human pathologies including neurodegenerative disorders and cancer (1, 2) . Therefore, the use of compounds with anti-oxidant properties may help prevent or alleviate diseases in which oxidative stress is a primary cause (3) . Carnosol, a diterpene derived from the herb rosemary, is a representative member of a family of plant-derived phenols, which also include curcumin, carnosic acid, phenylethyl isothiocyanate, epigallocatechin gallate and other green tea polyphenols. These bioactive phytochemicals exhibit Michael acceptor function and therefore behave as antioxidants (4) . In addition, being themselves xenobiotic compounds, they activate a xenobiotic response in the target cells affecting the expression of phase II enzymes such as NAD(P)H:quinone oxidoreductase, aldo-keto reductase, glutathione Stransferase, gamma-glutamylcysteine synthetase, glutathione synthetase or heme oxygenase-1 (HO-1) (5, 6, 7).
Heme oxygenase isozymes, HO-1 and HO-2, catalyze the stepwise degradation of heme to release free iron and equimolar concentrations of carbon monoxide (CO) and the linear tetrapyrrol, biliverdin, which is converted to bilirubin by the enzyme biliverdin reductase (8) . The HO-1 isozyme is a phase II enzyme that is transcriptionally regulated by a large variety of stimuli. These include its substrate, heme (9, 10) , oxidative stress (11, 12) , the signaling proteins NGF, TNF-α, interleukin1β and interferon -γ (13, 14, 15) and phenolic compounds such as curcumin and caffeic acid (16) demonstrated the potent antioxidant activity of the heme-derived metabolites generated by HO-1 catalysis, biliverdin and bilirubin, and the cytoprotective actions of CO on vascular endothelium and nerve cells (17, 18, 19, 20) .
Moreover, both HO-1-defficient mice (21) and a human case of genetic HO-1 deficiency (22) exhibit a serious impairment of iron metabolism leading to liver and kidney oxidative damage and inflammation. Therefore, it is now widely accepted that induction of HO-1 expression represents an adaptive response that increases cell resistance to oxidative injury. More recently, a new class of AP-1 related site has been shown to mediate oxidative stress responsiveness of phase II genes. These regions are termed stress-response elements (StREs) or antioxidant response elements (AREs) and are tightly regulated by the redox-sensitive transcription factor Nrf2 (NF-E2-related factor 2) (34). Nrf2 is a member of the Cap'n'Collar family of transcription factors (35) . Under non-stimulated conditions Nrf2 is sequestered in the cytoplasm by binding to Keap1, an actin binding protein (36) . Several stimuli, which include oxidative stress, lead to the disruption of this complex freeing Nrf2 for translocation to the nucleus and dimerization with basic leucine zipper by guest on November 6, 2017 http://www.jbc.org/
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6 transcription factors such as Maf and Jun family members (37) . The mechanism by which Nrf2 is liberated from the Nrf2-Keap1 complex remains controversial but probably involves phosphorylation and stabilization of the Nrf2 protein (38, 39) which otherwise has a half life of just 30 min and is degraded via the ubiquitinproteasome pathway (39, 40, 41) .
In this study we have analyzed the effect of carnosol on expression of the antioxidant enzyme HO-1 and we have dissected the signaling pathways leading to HO-1 regulation. Our results indicate that carnosol activates HO-1 expression probably by increasing Nrf2 protein levels in a PI3K/Akt-dependent manner.
Therefore, in addition to its intrinsic antioxidant nature, carnosol activates the PI3K/Akt survival pathway and up-regulates expression of the antioxidant enzyme HO-1.
EXPERIMENTAL PROCEDURES
Cell culture, transfections and reagents. Rat phaeochromocytoma PC12 cells were seeded on poly D-lysine coated plates and grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 7.5 % fetal bovine serum (FBS), 7.5 % heat-inactivated horse serum (HS) and 80 µg/ml gentamicin. Subconfluent cell cultures were maintained overnight (16 h) in DMEM medium supplemented with 1% FBS and 1% HS, an experimental condition that does not compromise viability in our PC12 cells (13, 42 
RESULTS
Carnosol induces expression of HO-1.
We investigated the possibility that carnosol, a natural diterpene derived from the herb rosemary, might alter the expression of the antioxidant enzyme HO-1. PC12 cells were maintained for 16 h in Dubeccos modified Eagle's medium supplemented with 7.5% fetal bovine serum plus 7.5% horse serum In agreement with a recent study (44) , cells grown in low serum exhibited a slight decrease in HO-1 protein levels as compared to complete serum-growing cells ( Fig 1A) . Interestingly, carnosol induced a significant increase of HO-1 protein that was more evident in cells submitted to low serum conditions. To further study the effect of carnosol on induction of HO-1 expression, PC12 cells were maintained in low serum for 16 h and then treated for 6 h with carnosol concentrations ranging from 1 to 100 µM.
specifically up-regulates expression of the inducible heme oxygenase isozyme, HO-1.
Carnosol activates HO-1 through the antioxidant response elements (AREs)
The mouse ho1 promoter contains two AREs that might represent 
DISCUSSION
In this study, we show the involvement of the PI3K/Akt survival pathway in the up-regulation of HO-1, a prototypical phase II enzyme, in response to the herb-derived diterpene, carnosol. We have found that carnosol up-regulates HO-1 expression by targeting the ARE sequences found in the mouse ho1 gene promoter. The regulation of AREs by carnosol was mediated, at least in part, through an increase in Nrf2 protein levels in a PI3K-and Akt-dependent manner.
To our knowledge this is the first study reporting the activation and the relevance of the PI3K/Akt1 pathway to the induction of phase II enzymes by food phytophenols with therapeutic potential. quantification of P-Akt, P-ERK2, P-JNK and P-p38 levels relative to total kinase levels. 
